We study singlet and triplet correlation functions of static quark anti-quark pair defined through gauge invariant time-like Wilson loops and Polyakov loop correlators in finite temperature SU (2) gauge theory. We use the Lüscher-Weisz multilevel algorithm, which allows to calculate these correlators at very low temperatures. We observe that the naive separation of singlet and triplet states in general does not hold non-perturbatively, however, is recovered in the limit of small separation and the temperature dependence of the corresponding correlators is indeed very different.
I. INTRODUCTION
It is well established that strongly interacting matter undergoes a deconfining transition at some temperature which is triggered by large increase in number of degrees of freedom (e.g. large increase in the entropy density) as well as melting of hadronic degrees of freedom. One of the most important feature of the deconfined phase is the screening of color charges. It has been argued that color screening will lead to quarkonium dissociation above the deconfinement temperature which can be used as a signature of quark gluon plasma formation in heavy ion collisions [1] . Melting of quarkonium states can be rigorously studied in terms of spectral functions. Attempts to reconstruct spectral functions from Euclidean time quarkonium correlators calculated on the lattice have been presented in Refs. [2, 3, 4] (for light mesons see [5, 6, 7] ). These studies seemed to indicate that charmonium states may survive up to unexpectedly high temperatures 1.6T c − 2.2T c (T c being the transition temperature). However, it turns out that reconstruction of the spectral function is difficult [8] . The only statement that can be made with confidence is that the Euclidean time quarkonium correlation functions do not show significant temperature dependence [8] .
On the lattice color screening is usually studied in terms of the Polyakov loop correlator related to the free energy of static quark anti-quark pair [9] . Unlike quarkonium correlators it shows very significant temperature dependence across the deconfinement transition. In fact, in the deconfined phase the free energy of static quark anti-quark pair shows large temperature dependence even for very small separations between the static quark and anti-quark, much smaller than the inverse temperature [10, 11, 12] . In perturbative picture this can be understood due to the fact that in the deconfined phase not only singlet quark anti-quark (QQ) states contribute to the free energy but also colored states with QQ in the adjoint (octet for SU (3) and triplet for SU (2)) representation. This observation is also supported by lattice calculations of the correlation function of two temporal Wilson lines in Coulomb gauge, which in perturbation theory corresponds to the so-called singlet free energy [13, 14, 15, 16, 17, 18, 19] . The singlet free energy is temperature independent at short distances and coincides with the zero temperature potential as expected. However, at larger distances, e.g. distances of the order of typical quarkonium size, it also shows significant temperature dependence. Thus there seems to be a puzzle: heavy quarkonium correlators show almost no temperature dependence, while static mesons are largely affected by the deconfined medium.
In the past several years quarkonium properties at finite temperature have been studied in potential models which use the singlet free energy as an input [20, 21, 22, 23, 24, 25, 26] . Furthermore, within potential model calculations it has been shown that the small temperature dependence of the quarkonium spectral function does not necessarily imply survival of quarkonium states at high temperatures [25, 26] . Most quarkonium states are melted due to color screening as it was originally suggested by Matsui and Satz but threshold enhancement can compensate for absence of bound states [25, 26] .
Potential models can be justified in the effective field theory framework, the potential non-relativistic QCD (pNRQCD), where both scales related to the heavy quark mass and bound state size are integrated out [27] . This approach can be generalized to finite temperature, where also the thermal scales (the temperature and the Debye mass) have to be eventually integrated out [28] . In pN-RQCD both color singlet and color octet QQ states are present as an effective degrees of freedom. The problem of defining color singlet and adjoint QQ states on the lattice has been considered in Ref. [29] . It has been found that the conventional definition of singlet and adjoint states have problems. Since this question is very relevant for quarkonium physics at finite temperature as well as from purely conceptual point of view a more detailed study is needed.
In this paper we study static meson correlators in 4 dimensional SU (2) gauge theory at finite temperature and show how the problem observed in Ref. [29] can be resolved in the limit of small distances and/or high temperatures. The rest of the paper is organized as follows. In section II we discuss static meson correlators at finite temperature and their interpretation in the limit of high and low temperatures. Section III contains our numerical results along with some important technical details. Finally in section IV we give our conclusions.
II. STATIC MESON CORRELATORS
Following Ref. [29] we start our discussion considering static meson operators in color singlet and adjoint (triplet) states O(x, y; t) =ψ(x, t)U (x, y; t)ψ(y, t)
where T α is the group generator,ψ and ψ are creation and annihilation operators of static quarks and U (x, y; t) are the spatial gauge transporters. In this section we consider the general case of SU (N ) group, although the numerical calculations have been done for N = 2. Next we consider correlators of these static meson operators at time t = 1/T which after integrating out the static fields have the form [29] :
Here L(x) is the temporal Wilson line, which on the lattice is simply L(x) = Nτ −1 τ =0 U 0 (x, τ ) with U 0 (x, τ ) being the temporal links. The correlators depend on the choice of the spatial transporters U (x, y; t). Typically a straight line connecting points x and y is used as a path in the gauge transporters, i.e. one deals with time-like rectangular cyclic Wilson loops, i.e. Wilson loops wrapping around the time direction. This object has been calculated at finite temperature in hard thermal loop (HTL) petrurbation theory in context of re-summed perturbative calculations of quarkonium spectral functions [30, 31, 32] . This is one of the reasons we are interested in non-perturbative evaluation of it. In the special gauge, where U (x, y; t) = 1 the above correlators give standard definition of the so-called singlet and adjoint free energies
The singlet and triplet free energies can be calculated at high temperature in leading order HTL approximation [33] resulting in:
with m D = gT (N/3) being the leading order Debye mass. At this order F 1 and F a are gauge independent or in other words do not depend on the choice of the parallel transporters U (x, y; t). Note that at small distances (rm D ≪ 1) the singlet free energy
is temperature independent and coincides with the zero temperature potential, while the adjoint free energy
depends on the temperature. The physical free energy of a static quark anti-quark pair, i.e. the one related to the work that has to be done to separate the static charges by certain distance is given by the thermal average of the singlet and adjoint free energies [9] exp(−F (r, T )/T ) = 1
This quantity is explicitly gauge independent. In leading order HTL approximation the free energy is
The 1/r 2 behavior is due to partial cancellation between the singlet and adjoint contribution [9, 34] and has been confirmed by lattice calculations in the intermediate distance regime above deconfinement [12, 15] .
Using the transfer matrix one can show that in the confined phase [29] 
where E n are the energy levels of static quark and antiquark pair. The coefficients c n (r) depend on the choice of U entering the static meson operator O in Eq. (1).
Since the color averaged correlator G(r, T ) corresponds to a measurable quantity (at least in principle) it does not contain c n . The lowest energy level is the usual static quark anti-quark potential, while the higher energy levels correspond to hybrid potentials [35, 36, 37, 38] . Using multi-pole expansion in pNRQCD one can show that at short distances the hybrid potential corresponds to the adjoint potential up to non-perturbative constants [27] . Indeed, lattice calculations of the hybrid potentials indicate a repulsive short distance part [35, 36, 37, 38] . If c 1 = 1 the dominant contribution to G a would be the first excited state E 2 , i.e. the lowest hybrid potential which at short distances is related to the adjoint potential. In this sense G a is related to static mesons with QQ in adjoint state. Numerical calculations show, however, that c 1 (r) = 1 and depends on the separation r. Thus G a also receives contribution from E 1 [29] . The lattice data seem to suggest that c 1 approaches unity at short distances [29] in accord with expectations based on perturbation theory, where c 1 = 1 up to O(g 6 ) corrections [27] . Therefore at short distances, r ≪ 1/T the color singlet and color averaged free energy are related
. This relation is indeed confirmed by lattice calculations [14] . In the next section we are going to study the singlet and averaged correlators G 1 and G in the confined phase and extract the coefficients c 1 .
III. NUMERICAL RESULTS
We have calculated correlation functions of static mesons G 1 (r, T ) and G(r, T ) both in the confined and deconfined phase of SU (2) gauge theory. In our calculations we used the Lüscher-Weisz algorithm for noise reduction [39] , which makes possible to calculate these correlators at low values of temperature T not accessible by standard methods. Calculations have been done for β = 4/g 2 = 2.5 and 2.7 using lattices with spatial extent N s = 24 and N s = 32. Gauge configurations have been generated using combination of heat-bath and over-relaxation algorithms. Measurements are taken after 2 complete updates. A complete update consists of one heat-bath and two over-relaxation updates of the entire lattice and hundred slice updates, in which all links inside a slice N 3 s × 2 except of the boundary are updated for all N τ /2 slices with heat-bath.
We have studied the color singlet and averaged correlators given by Eqs. (3) and (11) . The spatial links entering the transporter U (x, y; 0) were smeared using APE smearing [40] , which has been applied iteratively. The weight of the staple in the APE smeared link was 0.12. For β = 2.5 we use spatial links with 10 steps of APE smearing and unsmeared spatial links. For β = 2.7 we used unsmeared spatial links as well as spatial links with 10 steps and 20 steps of APE smearing. The lattice spacing has been set using the string tension calculated in Ref. [38] a 2 σ β=2.5 = 0.0363(3) and a 2 σ β=2.7 = 0.0112 (2) . When quoting the results in terms of reduced temperature T /T c we use the value T c / √ σ = 0.69(2) [41] . The simulation parameters, including the different levels of APE smearing used in the present study are summarized in Table I .
For comparison with the study of static meson correlation functions in Coulomb gauge [15] we have also performed calculations on 16 3 × 4 lattice at β = 2.3533 and 2.4215. The two gauge coupling correspond to temperatures 1.2T c and 1.5T c respectively (see Ref. [15] for details). Here we used 5, 10 and 20 APE smearings. The results from these calculations will be discussed in section III C.
A. Color averaged correlator in the confined phase
The color averaged correlator has been calculated in the confined phase in the temperature interval 0.32T c − 0.95T c β = 2.5 and 0.49T c − 0.98T c for β = 2.7. Thus we study this correlator also at very low temperatures, where they have not been calculated before. The numerical results for the color averaged free energy for β = 2.5 are shown in Figure 1 . To eliminate the trivial temperature dependence due to the color trace normalization in Figure 1 we show the subtracted free energy F ′ (r, T ) = F (r, T ) − T ln 4, see the discussion in the previous section. In the figure also the zero temperature potential calculated in Ref. [38] is shown. The color averaged free energy does not show any temperature dependence up to temperatures of about 0.76T c . For T = 0.76T c the color averaged free energy is below the zero temperature potential, indicating a decrease in the effective string tension in accordance with earlier studies (see e.g. [10, 15] ). We see even larger change closer to the transition temperature, namely for T ≥ 0.95T c .
Since the temperature dependence for T < 0.76T c is relatively small we attempted to fit the color averaged correlator with the 1-exponential form G(r, T ) = c a 1 (r) exp(−E 1 (r)/T ). The ground state energy E 1 (r) extracted from this fit agrees well with the zero temperature potential calculated in Ref. [38] , while the coefficients c a 1 (r) are close to one as expected (see the discussion in the previous section). The fit details are shown in the Appendix. Although the deviations of c a 1 (r) from unity are small, they appear to be statistically significant. These deviations increase with increasing r. Therefore they are likely to be due to the contribution from excited states, as the gap between the ground state and excited states (hybrid potential) gets smaller with increasing separation. Therefore we attempted to fit the color averaged correlator with 2-exponential form G(r, T ) = exp(−E 1 (r)/T ) + exp(−E 2 (r)/T ) using T < 0.76T c . The results of the fit are given in the Appendix. We find that the value of E 1 extracted from the 2-exponential fits are consistent with the ones obtained from 1-exponential fit as well as with the value of the zero temperature potential. For E 2 (r) we find values which are somewhat below the first hybrid potential. This is presumably due to the fact that there is small contribution from the higher excited states.
B. Color singlet correlators in the confined phase
As mentioned above the color singlet correlators have been calculated using different levels of APE smearing in the spatial gauge connection. It is well known that smearing increases the overlap with the ground state by removing the short distance fluctuation in the spatial links (see e.g. [42] ). For this reason smearing also reduces the breaking of the rotational invariance to the level expected in the free theory. We have found that when no smearing is used the color singlet free energy, −T ln G 1 (r, T ) shows a small but visible temperature dependence. In particular F 1 (r, T ) is larger than the T = 0 potential for intermediate distances 0.5 < r √ σ < 2. A similar effect has been observed in calculation in 3 dimensional SU (2) gauge theory [29, 43] as well in 4 dimensional SU (2) and SU (3) gauge theory calculations in Coulomb gauge [15, 44] . The temperature dependence of the singlet free energy is significantly reduced when APE smearing is applied. In Figure 2 we show the color singlet free energy for β = 2.5 and 10 APE smearings. As one can see from the figure the color singlet free energy shows significantly smaller temperature dependence as we get closer to the deconfinement temperature. In particular, only for T = 0.95T c we see significant temperature dependence, which, however, is much smaller than for color averaged free energy. To understand the temperature dependence of the color singlet correlator we use 
FIG. 2:
The color singlet free energy below deconfinement temperature at β = 2.5 calculated on 32 3 × Nτ lattices. Also shown is the T = 0 potential. The inset shows the color singlet free energy from which the contribution from the matrix element T ln c1 has been subtracted.
1-exponential fit G 1 (r, T ) = c 1 (r) exp(−E 1 (r)/T ). In all cases considered, the value of E 1 (r) extracted from fits are in good agreement with the calculation of the zero temperature potential in Ref. [38] . The value of the prefactor c 1 (r) is shown in Figure 3 . When no APE smearing is used the value of c 1 (r) strongly depends on the separation r. At small distances it shows a tendency of approaching unity as one would expect in perturbation theory. However, c 1 (r) decreases with increasing distance r. At large distance its value is around 0.3 − 0.5 (see Appendix for details). Similar results for c 1 (r) have been obtained in study of SU (2) gauge theory in 3 dimensions [29] . When APE smearing is applied the r-dependence of the amplitude c 1 (r) is largely reduced and its value is close to unity both for β = 2.5 and β = 2.7. For β = 2.7 we also see that increasing the number of smearing steps from 10 to 20 reduces the deviation of c 1 (r) from unity.
As discussed in section II perturbation theory predicts that the deviations of c 1 (r) from unity is of order α 3 s . Therefore it can be made arbitrarily small by going to sufficiently small distances but even for distances accessible in this study these deviations are expected to be small based on perturbation theory. It is known, however, that lattice perturbation theory converges very poorly. The main reason for this has been identified with the short distance fluctuations of link variables, which makes their mean value very different from unity [45] . Smearing removes these short distance fluctuations and this is the reason why c 1 (r) is much closer to unity when APE smearing is applied.
From the above discussions it is clear that almost the entire temperature dependence of the singlet free energy at distances 0.5 < r √ σ < 2 is due to the deviation of c 1 from unity and can be largely reduced by applying APE smearing to the links in the spatial gauge connections. To further demonstrate this point in the inset of Figure  2 we show the results for F 1 (r, T ) + T ln c 1 (r). Clearly no temperature dependence can be seen in this quantity up to 0.95T c , where we see temperature dependence at distances r √ σ ≥ 1.5 corresponding the expected drop of the effective string tension.
C. Color singlet free energy in the deconfined phase
In this subsection we discuss the properties of the color singlet free energy, F 1 (r, T ) = −T ln G 1 (r, T ) above the deconfinement temperature. It turns out that the singlet free energy calculated from cyclic Wilson loops shares the same qualitative features as the singlet free energy calculated in Coulomb gauge [14, 15, 16, 17, 18] . At short distances it is temperature independent and coincides with the zero temperature potential. At large distances it approaches a constant F ∞ (T ) which monotonically decreases with the temperature. The constant F ∞ (T ) is the free energy of two isolated static quarks, or equivalently of a quark anti-quark pair at infinite separation. Its value is therefore independent of the definition of the singlet correlator G 1 (r, T ) and is related to the renormalized Polyakov loop L ren (T ) = exp(−F ∞ (T )/(2T )) [14] .
At leading order F 1 (r, T ) − F ∞ (T ) is of Yukawa form (c.f. Eq. (7)). Therefore we find it useful to show our numerical results in terms of the screening function
In Figure 4 we show the results for the screening function at different temperatures. At short distances (rT < 0.5) the singlet free energy does not depend on the smearing level. Furthermore, it is very close to the free energy calculated in Coulomb gauge. We expect that at large distances the screening function S(r, T ) will show an exponential decay determined by a temperature dependent screening mass m 1 (T ), which is equal to the leading order Debye mass up to the non-perturbative g 2 corrections: [46] . From Fig. 4 we can see that indeed S(r, T ) behaves exponentially with screening mass proportional to the temperature. We note, however, that there is some dependence on the smearing level at larger distances. This disappears at high temperatures and with increasing the smearing level. In particular, for β ≤ 2.5 it turns out that there is no dependence on smearing level for 5 or more smearing steps. For β = 2.7 we need 10-20 steps depending on the temperature to achieve stable results. Fitting the large distance behavior of the screening function by an exponential form exp(−m 1 (T )r) we determine the screening mass m 1 (T ). Typically we considered distances r > 1/T as well as the maximal number of smearings steps (10 for β ≤ 2.5 and 20 for β = 2.7 ) in our fits. In the inset of Fig. 4 we show the color singlet screening masses extracted from the fits and compare them to the results obtained in Coulomb gauge in Ref. [15] . In the inset we also show the leading order Debye mass calculated using 2-loop gauge coupling g(µ = 2πT ) in M S-scheme. We used the value T c /Λ MS = 1.09 [47] to calculate the coupling g. As we see from the figure the screening masses are smaller than those calculated in Coulomb gauge and agree well with the leading order perturbative prediction.
Leading order perturbation theory also predicts that F 2 1 (r, T )/F (r, T ) = 6 for r > 1/T (c.f. Eqs. 7-8). We find that at the highest temperature, T = 3.42T c this relation indeed holds within statistical errors.
D. Color triplet free energy
We have calculated the color triplet correlator defined by Eq. (4) for different temperatures below and above the transition temperature. Below the deconfinement temperature we observe a moderate T -dependence of the triplet correlator. We also find that the corresponding free energy −T ln G 3 (r, T ) is smaller than the first hybrid potential calculated in Ref. [38] , but larger than the triplet free energy in Coulomb gauge [15] .
Let us assume that only two states contribute to the Eqs. (13) and (14) . Then from Eq. (4) it follows that
with ∆E(r) = E 2 (r) − E 1 (r). We have seen in section III.B that the temperature dependence of the singlet free energy is quite small. In any case it is considerably smaller than the temperature dependence of the averaged free energy. Therefore the contribution of the excited states to G 1 (r, T ) is quite small and it is reasonable to assume that c 2 (r) ≪ 1. We also expect that at small distances, c 2 (r) ∼ (rΛ QCD )
4 [48] . Thus, the temperature dependence of F 3 (r, T ) and its deviation from the hybrid state E 2 (r) is due to small deviation of c 1 (r) from unity. At low temperatures, when ∆E ≫ T these small deviations are amplified by the exponential factor. To verify this, we have subtracted the correction T ln(1 + 1 3 (1 − c 1 )e ∆E/T ) from the triplet free energy assuming that E 1 (r) is given by the ground state potential and E 2 (r) is given by the first hybrid potential as calculated in Ref. [38] . The numerical results are summarized in Fig. 5 which shows that after this correction is accounted for in the confined phase the triplet free energy at low temperatures agrees reasonably well with the first hybrid potential. As temperature increases more excited states contribute. In particular, at 0.76T c the value of the triplet free energy can be accounted for by including the next hybrid state [38] . However, at 0.95T c we see large temperature effects, which cannot be explained by including the contribution from only few excited states. In Fig. 5 we also show the triplet free energy above the deconfinement temperature compared to the calculations in Coulomb gauge [15] . It turns out to be much smaller than in the confined phase and agrees well with Coulomb gauge results. This means that the small deviation of the overlap factor c 1 (r) from unity are unimportant in this case. The triplet free energy monotonically decreases with increasing temperature as expected in HTL perturbation theory (c.f. Eq. (8)). In the limit of high temperatures and short distances r < 1/T we have E 2 (r) = α s /(4r), ∆E(r) = α s /r, c 2 (r) ≃ 0 and c 1 (r) = 1 + O(α 3 s ). Therefore we can expand the logarithm in Eq. (16) to get
Thus the correction due to c 1 (r) = 0 are much smaller than the expected leading order thermal effects in the triplet free energy. While the temperature dependence of F 3 (r, T ) and F 1 (r, T ) is different even at short distances the rdependence is expected to be similar. In leading order perturbation theory we have
We have calculated the above ratio numerically from the lattice data and have found that for T > 1.71T c the deviation from the expected value (−3) are smaller than 10%.
IV. CONCLUSIONS
In this paper we have studied singlet and triplet static quark anti-quark correlators in finite temperature SU (2) theory expressed in terms of Polyakov loop correlators and cyclic Wilson loops (cf. Eqs (3), (4)). The study of the latter is interesting as it has been used in resummed perturbative calculations of quarkonium spectral functions [30, 31] . In leading order and probably next-toleading order of perturbation theory the static correlators defined by Eq. (3) and (4) give the energies of the singlet and triplet states respectively, however, this separation does not hold in general case. Due to interactions with ultrasoft fields there will be a mixing of singlet and triplet states which is proportional to α 3 s (1/r) and (rµ) 4 , with µ being the ultra-soft scale [27] . In our case the ultra-soft scale can be the binding energy, α s /r, Λ QCD or g 2 T . Therefore it is expected that mixing is quite small at sufficiently small distances. We determined the mixing between singlet and triplet states in terms of the overlap factor c 1 (r). If the overlap factor is unity there is no mixing. Our lattice calculations show that c 1 (r) indeed approaches one at small distances. Using iterative APE smearing the deviation of c 1 (r) from unity can be largely reduced. Therefore the contribution of singlet state to G 3 (r, T ) appears to be small at temperatures close to deconfinement temperature. This contribution is also controlled by the non-perturbative gap between the singlet and triplet states, i.e. the gap between the static potential and the first hybrid potential.
Our analysis shows that at short distances rT < 1 the singlet correlator is almost temperature independent, while the triplet correlator is largely affected by the deconfinement. The temperature dependence of the triplet correlators indicate the melting of the non-perturbative gap between the singlet and the triplet states above deconfinement, which turns out to be consistent with perturbative expectations. Because of the disappearance of the non-perturbative gap the small deviations of c 1 (r) from unity play no role in the deconfined phase. In particular, the difference between the singlet and triplet correlators defined through cyclic Wilson loops and using Coulomb gauge turns out to be quite small. This finding is important for application of thermal pNRQCD discussed in Ref. [28] to realistic quarkonia and temperatures not very far from the deconfinement temperature.
There are obvious extensions of the work carried out in this paper. One could do analogous calculations in SU (3) gauge theory, however this hardly will give qualitatively different results. More interesting would be to extend the calculations to QCD with dynamical fermions. First steps in this direction are being made using improved staggered (p4) action [49] . It will be interesting to calculate the correlators G 1 (r, T ) and G 3 (r, T ) in perturbation theory beyond HTL approximation. One practical problem in doing these calculations is the fact that the scales T and m D are not separated. This problem, however, could be possibly solved by using screened perturbation theory [50, 51, 52] . 
